Objective: The purpose of this study was to evaluate the performance of pedal bypass grafts to foot vessels detected by magnetic resonance angiography (MRA) that were occult in conventional angiography in patients with diabetes mellitus and severe arterial occlusive disease. Methods: Vascular surgery and radiology registries were reviewed for patients with pedal bypass grafts to arteries that were not detected with digital subtraction angiography but unmasked with MRA. From December 1997 to March 1999, 15 patients (mean age, 73 ± 8 years) were identified and analyzed retrospectively. All the patients were diabetic, with 60% being insulin-dependent. Advanced tissue loss was the operative indication in all the cases. Distal anastomosis was performed to the dorsalis pedis artery in 10 cases and to the plantar artery in five cases, with ipsilateral greater saphenous vein as graft material in all the cases. Results: The perioperative mortality rate was 7% (1 of 15 cases). One graft occlusion resulted in a secondary patency rate of 93.1%. During a mean follow-up examination period of 22 months, no graft occlusions and one major amputation were noted, which resulted in a secondary patency rate of 93.1% and a limb salvage rate of 89.5% at 36 months. Conclusion: Foot vessels that were occult in conventional angiography but could be detected with MRA were shown to be suitable target vessels for pedal bypass grafting with promising results. ( J Vasc Surg 2002;35:766-72.) DSA, Digital subtraction angiography; postop, postoperative; angio, angiography; nc, not calculable. P values were calculated with the McNemar test.
the ability of MRA to image blood flow at velocities as slow as 2 cm/s, whereas in DSA, the dilution of contrast media after the passing of multisegmental occlusions incidentally leads to inadequate opacification of distal vessels. 7 However, additional contrast enhancement of MRA was not used in these studies and, of note, the portion of patients with diabetes only ranged from 51% to 65%. In a recent study at our institution that was focused on patients with diabetes, we were able to show that contrastenhanced three-dimensional MRA is significantly better at revealing peripheral runoff vessels than is DSA. 11 The aim of the present study was the evaluation of the performance of bypass grafts to foot vessels that were occult in DSA but that could be detected in a complementing MRA.
PATIENTS AND METHODS
Study design. Vascular surgery and radiology registries were reviewed for patients who had undergone operations with bypass graft reconstruction to a foot vessel that was not visualized with conventional DSA but that could be detected with a complementing MRA, which was routinely performed in the case of an empty DSA (Figs 1,  A and B, and 2, A and B) . The retrieved records and angiograms were analyzed retrospectively. The postoperative angiograms were compared with the preoperative DSA and MRA examinations, and the patency and limb salvage rates were calculated with the life-table method.
Patients. Fifteen patients (six women and nine men), with a mean age of 73 ± 8 years (range, 59 to 85 years), were identified as having undergone pedal bypass grafting Patients with long-term diabetes mellitus frequently develop secondary complications, including severe occlusive disease of crural arteries, and have impending limb loss as the result of critical ischemia. 1 Pedal bypass grafting is a well-established method for durable limb salvage in this group of patients in which limb salvage rates of as much as 87% at 5 years can be achieved. 2 Precise mapping of the vascular anatomy is crucial for preoperative planning regarding the site of the distal anastomosis, 3 and conventional intraarterial digital subtraction angiography (DSA) has been considered the gold standard in the evaluation of peripheral, especially infrapopliteal, arteries. 4 However, shortcomings of DSA have been reported in the demonstration of suitable target vessels for distal bypass grafting in patients with severe occlusive disease. 5 The ability of magnetic resonance to image flowing blood (magnetic resonance angiography [MRA]) has been successfully used for the evaluation of the anatomy of most arterial regions. 6 Thereafter, MRA has been superior even to DSA in terms of diagnostic quality in the imaging of infrapopliteal vessels. [7] [8] [9] [10] This finding may be explained by to an MRA-unmasked foot vessel during the period from December 1997 to March 1999. The overall number of infrainguinal bypass grafting procedures during that period was 256. The site of distal anastomosis was chosen according to the following standard principles: to transmit pulsatile flow to the pedal circulation, the vessel segment had to be free of significant distal stenosis, thus providing unobstructed outflow to the pedal arch. Diameter measurements were secondary to the previously mentioned criteria (ie, an adequately visualized vessel was considered suitable for a bypass graft anastomosis). Preoperative and postoperative angiographic examinations were performed according to our established protocols. 11 Quality control was obtained with intraoperative flow measurement followed with angiography (selective DSA or MRA; Figs 1, C, and 2, C) in the early postoperative period (days 1 to 3). Clinical and serial duplex ultrasound scan examinations were routinely performed at 3, 6, and 12 months, with annual repetitions afterwards. All the patients underwent intravenous administration of heparin in the early postoperative period.
Digital subtraction angiography. All the DSA examinations were performed by experienced angiographers, either with an Integris 2000 digital angiographic unit (Philips Medical Systems, Eindhoven, The Netherlands) or with a Multistar unit (Siemens Medical Systems, Erlangen, Germany). A nonselective technique (5F pigtail catheter placed in the abdominal aorta) was used in seven patients, and seven patients underwent fine-needle DSA of the diseased limb. After retrograde puncture of the ipsilateral common femoral artery with a 20-gauge needle connected to a slim tube, multiple manual injections of contrast material were performed. In addition, one patient underwent selective DSA with crossover antegrade catheterization of the popliteal artery with a 5F side-hole catheter. For visualization of the entire arterial tree, an average of 90 to 110 mL of nonionic contrast agent (iopromid, Schering, Berlin, Germany, or iopremol, Bracco-Byk 
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Gulden, Konstanz, Germany) was necessary. For fine-needle DSA, 40 to 60 mL of contrast agent was sufficient. The use of vasodilating drugs was omitted during DSA procedures.
Magnetic resonance angiography. MRA was performed with a transmit-receive head coil and a standard 1.5-T whole-body imager (Magnetom Vision, Siemens Medical Systems) that was equipped with 25-mT/m highperformance gradients that enabled a 600s rise time. The coil was placed to include the entire foot, which was usually positioned in a slight plantar flexion and immobilized with foam padding, and as much of the calf as possible in the imaging volume. For MRA, a three-dimensional, radiofrequency-spoiled, fast, low angle-shot sequence with the following parameters was used: time to repeat/time to echo, 3.8/1.3 or 4.6/1.8 ms; flip angle, 35 or 30 degrees; rectangular field of view, 290 or 390 mm; image matrix, 150 256 or 170 512; and receiver bandwidth, 390 Hz per pixel. The three-dimensional volume had a thickness of 90 mm and was subdivided into 40 partitions, which resulted in a slice thickness of 1.1 mm after interpolation. In-plane resolution ranged between 1.69 1.12 mm 2 and 1.48 0.76 mm 2 . Acquisition time was 18 or 25 seconds, respectively. Four sets of identical sagittal slabs were acquired consecutively.
Each MRA examination was enhanced with a 20-mL bolus (0.14 ± 0.05 mmol/kg) of gadopentetate dimeglumine (Magnevist, Schering) that was administered automatically with the beginning of the first set into an antecubital vein at a constant flow rate of 2 mL/s. After image reconstruction, the unenhanced data were subtracted from the corresponding enhanced data and angiograms were created with the maximum intensity projection algorithm. The maximum intensity projection images were leveled to maximize arterial contrast and to minimize background signal and served as the basis for further interpretation.
Review of angiograms. Postoperative angiograms (two MRA and 11 selective DSA) were available in 13 
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patients and were evaluated by two reviewers independently in a blinded fashion. In case of disagreement about the status of the vessel (ie, patent or occluded), a final consensus interpretation of the images was performed. Seven vascular segments were evaluated in each extremity: distal anterior tibial, distal posterior tibial, distal peroneal, dorsal pedal artery, lateral and medial plantar arteries, and the pedal arch. The segments were classified as either patent or occluded. Vessel segments with significant stenosis in the distal part were scored as occluded.
Statistical analysis. Statistical analysis encompassed the segment-wide calculation of Cohen's kappa coefficient for the determination of the agreement between two methods. The McNemar test was used for the assessment of the relative superiority of each technique to reveal patent vessel segments. All the computations were performed with SAS software (version 6.12, SAS Institute, Cary, NC).
RESULTS
Analysis results of patient demographics confirmed a high portion of patients (60%) who were insulin-JOURNAL OF VASCULAR SURGERY 768 Dorweiler et al April 2002 dependent in this series of patients with diabetes (Table I) . All the operations were performed for advanced tissue loss (Table II) , with gangrene of the forefoot as the leading clinical finding in most cases, followed by nonhealing ulcerations. One patient was seen with heel gangrene. The technical details of the operations performed are depicted in Table II . A supragenicular origin of the bypass graft was chosen in 53% of the cases, whereas 40% of the cases had an inflow source at the infragenicular position. The ipsilateral greater saphenous vein left in situ served as bypass graft in most cases (12 of 15), and valve destruction was achieved with a catheter-mounted valvulotome (either LeMaitre, Vascutech, Burlington, Mass, or In situ cath, Braun, Melsungen, Germany). The mean operative time was 189 ± 63 minutes (range, 90 to 300 minutes). One patient died from postoperative stroke with subsequent pneumonia and multiorgan failure, which resulted in a mortality rate of 7%. One early bypass graft occlusion was noted, which was revised unsuccessfully, and no major amputations had to be performed. Minor complications included one hematoma that needed operative evacuation. Intraoperative flow measurements confirmed a mean flow of 37 ± 15 mL/min (range, 10 to 63 mL/min). A local advancement flap of full-thickness skin was used to reduce skin tension and to enable secure coverage of the distal anastomosis in three patients. 12 Postoperative angiogram results were obtained in 13 cases and revealed significant stenosis at a proximal anastomotic site and bypass graft compression at a distal anastomosis, which were all revised successfully. Furthermore, all distal anastomoses could be shown to be located at the best possible position. In addition, postoperative angiogram results were compared with preoperative MRA (Table III , A) and preoperative DSA results in parallel (Table III , B) and the depiction of patent vessel segments was analyzed. In the comparison of MRA with postoperative angiography, there was substantial agreement found ( , 0.737) that almost reached statistical significance (P = .083). Of note, visualization of the pedal arch was achieved with both MRA and DSA in 11 of 13 cases. Unfortunately, statistical values were not calculable in this case. In contrast, analysis results of patent vessel segments in DSA versus postoperative angiography revealed substantial disagreement ( , 0.391), with high statistical significance (P = .001).
In this series, 14 limbs were followed during a mean period of 22 months (range, 6 to 40 months) clinically and with serial duplex ultrasound scan examinations that were complemented with additional angiography in case of increased flow velocity (>1.8 m/s). Most patients (n = 11) underwent oral anticoagulation therapy (phenprocoumon). Six deaths of non-related cause (cardiac/ neoplasm) occurred (Table IV) . All bypass grafts remained patent, which resulted in a secondary patency rate of 93.1% at 36 months. One below-knee amputation had to be performed in a patient with severe autoimmune disease and nonhealing ulcer at 12 months despite patent bypass graft. The resulting secondary patency rate and the limb salvage rate are depicted in Fig 3. Serial follow-up duplex ultrasound scan examinations revealed two significant bypass graft stenoses that required service procedures: one patient underwent a patch plasty of the distal anastomosis, and one stenosis was corrected with a percutaneous balloon angioplasty.
DISCUSSION
The introduction of MRA into the armamentarium of presurgical imaging procedures has led to an improvement in diagnostic quality, namely in the group of patients with diabetes and severe distal arterial occlusive disease. For this subgroup, it could be shown that MRA can even be superior to DSA because of its ability to reveal suitable target vessels that were occult in DSA. 11 However, conventional angiography represents the gold standard for preoperative evaluation of peripheral vessels, and vascular reconstructive procedures, including pedal bypass grafts, that rely on DSA have been well analyzed. In a large series of 367 patients (95% with diabetes) who underwent pedal bypass grafting, a secondary patency rate of 86% and a limb salvage rate of 92% at 3 years were noted. 2 Additional smaller studies further supported the efficiency of this method in patients with diabetes in whom limb salvage rates of 78% 13 and 74% to 79% 14, 15 could be achieved at 2 and 3 years, respectively. 
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On the basis of these results, it could be reasoned that a poor prognosis for graft patency and limb salvage should result for a bypass graft anastomosed to an angiographically occult pedal artery, even if it can be detected in a complementing MRA, because this may represent an extensively diseased vessel. Carpenter et al 16 analyzed a series of 22 patients (59% with diabetes) with infrapopliteal bypass grafting procedures to angiographically occult vessels in whom the operative planning was on the basis of MRA. Interestingly, a primary patency rate of 67% and a limb salvage rate of 78% at 35 months were noted, which closely resembled those results of conventional DSA. This is currently the only study available on angiographically occult runoff vessels; of note, the number of pedal bypass grafts has not been outlined separately. Therefore, our study is the first to focus on a group of patients with diabetes who underwent pedal bypass grafting to angiographically occult runoff vessels that were unmasked with MRA. Our results with a secondary patency rate of 93.1% and a limb salvage rate of 89.5% at 3 years compare favorably with those reported by Carpenter et al 16 and with the results of other groups with DSA as the sole preoperative imaging procedure. 2, [13] [14] [15] The high perioperative mortality rate and the low patient survival rate noted in our study can be attributed to the extent of comorbid conditions (coronary artery disease, renal insufficiancy, etc) in this selection of patients with severe disease and were also observed by others. 2, 15 The potential development of intimal hyperplasia stresses the importance of serial follow-up examinations, preferably with duplex ultrasound scanning. In our series, two significant stenoses at anastomotic regions could be detected and successfully corrected in a service procedure.
We did not use vasodilitating agents in our patients because we speculated that pedal vessels are already maximally dilated to make up for impaired inflow in the chronically ischemic limb. In this situation, there is no convincing evidence in the literature that vasodilative 15 (12) drugs improve image quality. 3 The assumption of chronic ischemia is underlined with a markedly decreased transcutaneous oxygen pressure (17 mm Hg) in our population. In the current literature, numerous comparative studies of MRA versus DSA are available and yielded differing results. Uniform agreement between DSA and MRA for the detection of arterial segments below the inguinal ligament could be shown in a series of 18 patients. 17 In a subsequent prospective evaluation of MRA and DSA, 79 patients (43% with diabetes) were included and again, MRA did not detect more patent distal runoff vessels than DSA. 18 Huber et al 19 evaluated 53 limbs of 49 patients (60% with diabetes) prospectively with MRA and DSA, in which a comparable number of vessels segments was seen. Furthermore, if the vessels of the foot were excluded, DSA was even superior to MRA. Similar results were obtained in another study of 42 patients in which only 41% of treatment plans on the basis of MRA matched those of DSA and therefore MRA was not considered to be reliable procedure as compared with DSA, although MRA exhibited a sensitivity rate of 92% and a specificity rate of 91% for tibioperoneal segments. 20 In contrast, several other study results pointed out a superiority of MRA to DSA when focusing on the evaluation of infrapopliteal/pedal vessels. Owen et al 7 showed in a series of 25 legs (23 patients) that DSA failed to detect 22% of vessels identified with MRA. Corresponding results were obtained in 55 limbs (51 patients, 51% with diabetes) in which suitable target vessels for limb-salvage procedure were identified with MRA but not with DSA in 18%. 10 Three additional studies with patient numbers of 57, 22, and 40, respectively, also reported the superiority of MRA in the detection of infrapopliteal vessels 21, 22 and the planning of infrainguinal bypass grafting procedures. 23 Of note, in the latter studies, the percentage of patients with diabetes was in the range of 40%. Only two studies with a high portion (65%) of patients with diabetes are available. In a series of 50 limbs in 45 patients, Hoch et al 9 were able to show that there is an almost exact match between MRA and DSA in the detection of pedal vessels (94.4%). However, 11 arterial segments believed to be occluded in DSA were found to be patent in MRA and subsequent intraoperative angiography. In addition, increased sensitivity of MRA in the detection of patent arterial segments and superiority of the MRA-based treatment plan could be shown in a large multicenter study of 155 patients. 8 In summary, controversy remains about the value of MRA in distal arterial imaging in comparison with DSA. In this study, it could be shown that MRA and postoperative DSA are comparable in the detection of overall patent vessel segments. In contrast, analysis results of the overall number of arterial segments visualized with preoperative DSA versus postoperative angiogram revealed a significant superiority ( , 0.391) of the latter. In a focus on the pedal circulation (lateral plantar artery, pedal arch), there again emerges a superiority of postoperative angiography over DSA. The interpretation is predominantly based on the consideration of data consistency rather than on statistical significance because statistical values (kappa coefficient, P value) could not be calculated in one case. Taken together, our findings support the hypothesis that preoperative MRA is superior to DSA in the detection of patent pedal vessel segments when compared with the gold standard of postoperative angiography and are in line with our previous study. 11 Here we showed significant superiority of MRA to DSA in the detection of patent pedal vessels, and with MRA, we were able to visualize a suitable pedal target vessel in all patients with an empty DSA (9 of 24 patients; 38%). It has to be stressed that the MRA protocol used in this study was exclusively developed for distal calf and pedal vessel detection and does not allow the examination of iliac, femoropopliteal, or crural arteries. Therefore, in our diagnostic algorithm for patients with diabetes who undergo pedal vascular reconstruction, preoperative DSA with selective technique still remains the method of choice. For all cases in which DSA fails to show a suitable pedal target vessel ("empty angiogram"), we proceed with a complementing contrastenhanced three-dimensional MRA with the pedal vessel detection protocol.
In our opinion, all efforts should be made to identify a potential distal target vessel before surgery because blind exploration in the operating room requires the patient to undergo anesthesia and because multiple exploratory incisions may be necessary in a severely compromised tissue JOURNAL OF VASCULAR SURGERY Volume 35, Number 4 Dorweiler et al 771 area. 3 MRA as the sole preoperative imaging procedure may be an option for patients with substantial risk for DSA (renal insufficiency, contrast allergy) with promising results. In a series of 67 infrainguinal revascularizations that were analyzed by Carpenter et al, 24 a primary patency rate of 78% and a limb salvage rate of 84% at 21 months were found.
In conclusion, we were able to show that pedal bypass grafting to MRA-detected foot vessels that were occult in DSA does not result in an impaired long-term performance of the grafts. Furthermore, with MRA, we were able to visualize suitable target vessels and achieve salvage of ultimately threatened limbs as the result of advanced tissue loss. In our preoperative diagnostic algorithm, MRA is not intended to be a substitute for DSA but serves as a meaningful adjunct in difficult situations (ie, the detection of distal target vessels in patients with diabetes). Here we take advantage of the nature of magnetic resonance that allows the imaging of flowing blood itself, in comparison with DSA in which the dilution of contrast media after passing multilevel or cross-sectional occlusions of tibial vessels impedes sufficient opacification. It is realized that, after all, only limited conclusions can be drawn according to the relatively small number of patients in this study and that further evaluation of longterm performance will be necessary. 
